Abstract For many years, lactate was considered as a metabolic waste product, and a cause of fatigue during exercise. However, lactate is now known as a carbohydrate fuel source, shuttled between cells and tissues. The movement of lactate across the plasma membrane is facilitated by a family of monocarboxylate transporters (MCTs). Among 14 identified MCT isoforms, MCT1 and MCT4 are present in the plasma membranes of skeletal muscle and are suggested to be related to exercise performance. Reports have shown that exercise training increases both MCT1 and MCT4 in skeletal muscle. This review will discuss the role of lactate as a fuel and exercise training-induced changes in lactate metabolism. In addition, studies of Thoroughbred horses, as models of elite athletes, are introduced.
Lactate as a metabolic fuel
Lactate accumulates in skeletal muscle during exercise as intensity increases. It is reported that lactate concentration in human muscle reaches over 30 mmol/l after 30 s of maximal exercise on an isokinetic cycle ergometer 1) . The classical view was that an increase in lactate concentration is caused by an insufficient O 2 supply, and it induces muscle fatigue because of the intracellular acidosis. However, studies have shown that lactate is produced under fully aerobic conditions 2, 3) , and its relation to muscle fatigue is questioned. At present, it is considered that lactate itself may not have any negative effect on muscle contraction 4, 5) . Robergs et al. reviewed evidences that there is no biochemical support for lactate production causing acidosis and muscle fatigue 6) . Lactate accumulation in muscle during intense exercise occurs mostly because the maximal rate of glycolysis is much greater than that of oxidation in the mitochondria; lactate production is essential for sustaining intense exercise that helps muscle cells produce ATP from glycolysis 6) . For many years, accumulated lactate in muscle was considered as an end product, and could only be converted back to glucose in the liver via the Cori cycle 7) . However, several studies suggested that lactate conversion to glucose via hepatic gluconeogenesis contributes less than 20% of lactate removal during exercise 8, 9) . Brooks and colleagues have shown that oxidation is the major route of lactate disposal (75-80%) during exercise and recovery by tracing metabolic fate of 13C-labeled lactate 10, 11) . Thus, we now understand that intramuscular lactate is an intermediate of carbohydrate metabolism because it is converted to pyruvate and subsequently oxidized in mitochondria for ATP production. Miller et al. reported that lactate infusion at 4 mM of blood lactate concentration during moderate-intensity exercise increased lactate oxidation and spared blood glucose 12) . Therefore, lactate can be a very useful carbohydrate source for skeletal muscle, even compared to glucose. It is important to know that skeletal muscle is not only the site of lactate production, but of lactate oxidation. In 1984, Brooks provided the framework of the lactate shuttle hypothesis (now called the cellto-cell lactate shuttle) that holds that lactate is transferred between tissues and within a tissue 13) . Since its introduction, this hypothesis has been supported by a number of studies using various experimental methods. For example, van Hall et al. reported that during 40 min of exercise in cross-country skiers, the arms release lactate whereas the legs take up lactate 14) . In addition, it must be noted that the heart oxidizes lactate as a primary fuel 15) , since the cardiac muscle is one of the most oxidative muscles in the body 16) . Accordingly, we now understand that lactate is shuttled from its site of production (glycolytic fibers) to neighboring cells (oxidative fibers) and other organs such as the heart, liver, kidney and brain 17) .
Monocarboxylate transporter (MCT)
It was previously assumed that lactate produced in skeletal muscle was freely diffusible. However, several studies provided convincing evidence that lactate traverses the plasma membrane via a mechanism involving specific transport proteins. Roth and Brooks 18, 19) demonstrated that lactate transport is concentration-dependent and a saturable process with hydrogen ion dependence, and stereoselective for L-lactate. Since the first monocarboxylate transporter (MCT)1 was cloned in 1994 by Garcia et al 20) , 14 isoforms of MCT have been identified. In skeletal *Correspondence: hatta@idaten.c.u-tokyo.ac.jp muscle, MCT1 and MCT4 are believed to be key lactate transporters 21) . MCT1 is a high-affinity lactate transporter (Km = 3.5 -8.3 mM) predominantly present in oxidative fibers, whereas MCT4 is a low-affinity lactate transporter (Km = 25 -31 mM) in glycolytic fibers 22) (Fig. 1) . Based on Km values, MCT1 facilitates the uptake of lactate into muscle cells with low lactate levels, while MCT4 facilitates the extrusion of lactate out of muscle cells with a high concentration. These two isoforms of MCTs enable the lactate shuttle to function during exercise in muscles; lactate is produced in glycolytic muscles and released by MCT4, and then taken into oxidative muscles by MCT1 (Fig. 2) . The model of the lactate shuttle is well established not only in skeletal muscle, but also in the brain. In the brain, lactate is generated in astrocytes and exported to the neurons via MCT for oxidation 23) . The importance of MCT in the lactate shuttle in the brain has been recently reported 24) . acutely decreased MCT1 and MCT4 protein levels in the plasma membrane. These inconsistent results may be due to differences in exercise intensity, exercise duration, type of subjects, and/or sample preparation methods. Studies of muscle inactivity models, such as denervation 35) or hindlimb suspension 36) , have shown that lactate transport is decreased with a concomitant decrease in the protein levels of MCT1 and MCT4. Similarly, increased levels of MCT1 and MCT4 proteins, after 6 weeks of sprintinterval training, return to baseline levels after 6 weeks of detraining in humans 28) . Thus, muscle contractile activity appears to be important for the regulation of MCT, and high intensity is needed for up-regulating MCT4. However, it must be acknowledged that at least two human studies reported that there were no significant changes in MCT1 and MCT4 protein levels even after high-intensity training 37, 38) . Therefore, exercise-induced changes in MCT Fig. 1 Relationship between MCT1 (A) and MCT4 (B) proteins and muscle fiber composition (percentage of fast glycolytic fibers, %FG) in rat hindlimb muscles (SOL; soleus, PL; plantaris, EDL; extensor digitorum longus, RG and WG; red and white gastrocnemius, RTA and WTA; red and white tibialis anterior, H; heart). The MCT1 and MCT4 content of the white tibialis anterior was arbitrarily set to 100, and data from all other muscles are expressed relative to that of the white tibialis anterior. Note that among muscles there is a much wider MCT1 distribution than for MCT4. (Reference 21) hypoxia-inducible factor 1α (HIF-1α) 45) . It is reported that HIF-1α mediates MCT4 expression, but not MCT1, 46) . For example, chronic hypoxia up-regulated MCT4 in oxidative muscles 47) . However, in contrast to laboratory animal studies, it is reported that there were no changes in MCT1 and MCT4 in Danish lowlander (human) muscle after 2-and 8-week stays at 4100 m in Bolivia 48) . In addition, MCT4 protein does not always correlate with glycolytic enzyme activity 49) . Therefore, it is possible that the training-induced increase in MCT4 expression is not only regulated by HIF-1α, but also other factors. Together, MCT1 and MCT4 are regulated partially by PGC-1α and HIF-1α, respectively; but future studies are needed to understand the molecular mechanisms regulating MCT expression, using new technologies such as transgenic or knock-out animal models, of key molecules in major signal pathways.
Effects of exercise training on MCT and lactate metabolism
Several reports suggest that MCT is regulated at various points during gene expression, since mRNA expression is not always correlated to protein levels. For example, it is reported that MCT1 protein expression increases by chronic electrical stimulation whereas mRNA does not 27) . Similarly, both acute exercise and training increased MCT1 protein expression without increasing corresponding gene transcript levels 50) . In contrast, T3 treatment upregulated MCT1 mRNA, whereas protein expression remained unaltered 39) . We recently found that the timing of functional overload-induced increases in MCT1 and MCT4 was different between mRNA and protein levels 51) . In addition, MCT1 protein to mRNA ratios were observed to differ greatly among different tissues 52) . These results suggest that the regulation of MCT expression seems to be primarily post-transcriptional.
Lactate metabolism in Thoroughbred horses as elite athletes
Thoroughbred horses are elite athletes, with a high capacity for high-intensity exercise. It is known that Thoroughbreds have high maximal oxygen uptake (V ・ O 2 max) 53) and a large amount of glycogen in the muscles 54) . During maximal exercise in Thoroughbred horses, the muscle and plasma lactate concentrations increase to over 40 and 30 mmol/l, respectively 55) . Since Thoroughbred horses have high aerobic and anaerobic capacities, they are considered suitable subjects for the study of lactate metabolism (Fig. 3) . Studies in racehorses may provide new evidence that contributes towards improving exercise performance in human athletes.
It has been reported that MCT1 and MCT4 are present in equine muscles 56) , and the level of MCT1, but not that of MCT4, increases with growth 57) . Eighteen weeks of high-intensity training increased the muscle content of MCT1 and MCT4 49) . In addition, it was demonstrated that high-intensity training is required to maintain the MCT4 protein level in well-trained horses. At present, may not only depend on training characteristics such as intensity and volume, but also training history and initial fitness of subjects; further study is needed to clarify whether well-trained athletes experience the same degree of increases in MCT after exercise as less-trained subjects.
Possible mechanisms for regulating MCT expression
Although many studies have investigated changes in MCT1 and MCT4 following various forms of training, the cellular and molecular mechanisms regulating MCT expression are still unknown. Accordingly, several hormones and drugs, and transcriptional factors, which regulate MCT expression, are reviewed here.
Triiodothyronine (T3) administration, which has profound effects on growth and development, was shown to increase the MCT4 protein level but not MCT1 39) . Injection of testosterone, which is a principal male sex hormone and an anabolic steroid, increased MCT1 and MCT4 protein expression concomitantly with muscle hypertrophy 40) . Additionally, clenbuterol (a beta 2-adrenergic agonist) administration increased the MCT4 protein level but decreased MCT1 41) . Taken together, MCT1 and MCT4 seem to respond differently to various hormones.
Recent studies suggest that MCT1 belongs to the family of metabolic genes whose expression is regulated by Peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α), which is known as a master regulator of genes involved in oxidative capacity 42, 43) . Benton et al. reported a strong relationship between PGC-1α and MCT1 proteins both in chronically stimulated and also PGC-1α transfected muscles 26) . These results are consistent with previous reports that MCT1 predominantly exists in oxidative fibers and is associated with oxidative capacity 44) . Thus, an exercise training-induced increase in MCT1 is, at least in part, mediated by PGC-1α.
Hypoxia is known to activate the expression of glycolytic enzymes via the transcriptional mechanism involving limited data in humans and other species are available regarding MCT protein levels and exercise performance. However, the authors previously reported the positive correlation between the MCT4 protein level and duration of the incremental all-out test in Thoroughbreds 58) , similar to MCT1 . Furthermore, in another study, the authors found a positive relationship between the MCT4 protein level and increase in plasma lactate concentration during a period of incremental exercise at a moderate running speed until exhaustion (Fig. 4) ; this suggests that MCT4 facilitates lactate extrusion, particularly during high-intensity exercise. Thus, it can be expected that Thoroughbred horses sustain intense exercise, lasting a few minutes, with high glycolytic ATP production, since the muscle fibers remove lactate from contracting muscle at a very high rate via MCT4. Collectively, exercise performance, particularly high-intensity exercise, can be improved when the ability to remove lactate from glycolytic muscles is enhanced. Then, what is the fate of lactate? As mentioned throughout this review, lactate is a very useful carbohydrate source for oxidative muscles. It was found that the MCT1 protein level is highly correlated with citrate synthase activity throughout the training and detraining periods (Fig. 5) . Therefore, increased lactate uptake by MCT1 and oxidative capacity can also be beneficial to exercise performance. Taken together, Thoroughbred horses are able to enhance both the removal of lactate from glycolytic fibers and utilization of lactate in oxidative fibers via MCT1 and MCT4. 
